Background. This study aims to evaluate the impact of tumor location on key molecular alterations on a single voxel level in patients with newly diagnosed glioma. Methods. A consecutive series of n = 237 patients with newly diagnosed glioblastoma and n = 131 patients with lower-grade glioma was analyzed. Volumetric tumor segmentation was performed on preoperative MRI with a semi-automated approach and images were registered to the standard Montreal Neurological Institute 152 space. Using a voxel-based lesion symptom mapping (VLSM) analysis, we identified specific brain regions that were associated with tumor-specific molecular alterations. We assessed a predefined set of n = 17 molecular characteristics in the glioblastoma cohort and n = 2 molecular characteristics in the lower-grade glioma cohort. Permutation adjustment (n = 1000 iterations) was used to correct for multiple testing, and voxel t-values that were greater than the t-value in >95% of the permutations were retained in the VLSM results (α = 0.05, power > 0.8).
Importance of the Study
Increasing evidence suggests that tumor location is linked to the genetic profile of gliomas. In this study, we investigated the association of key molecular alterations and tumor locations in patients with newly diagnosed glioma on a single voxel level. We demonstrate concordant tumor location predilection for IDH-mutant tumors in 2 independent cohorts of patients with lower-grade glioma and glioblastoma, specifically adjacent to the rostral extensions of the lateral ventricles. Since mutations of the IDH genes are considered an important event at early stages during gliomagenesis, our study substantiates the possibility of neural stem cells in this region as the origin of IDH-mutant gliomas, potentially advancing personalized treatment and clinical management of patients with this tumor entity.
Gliomas are the most common type of primary brain tumor and represent a histologically similar yet molecularly and clinically heterogeneous entity. 1, 2 The 2016 World Health Organization classification of CNS tumors therefore integrated molecular parameters in addition to the histology to better define this disease. 3 As a collection of molecularly distinct diseases, each subtype of glioma could potentially derive from a distinct cell of origin. Therefore, understanding of the early events that may lead to gliomagenesis is pivotal and carries great promise for the development of effective therapies. 4 Numerous epidemiological studies, large-scale sequencing efforts, as well as genetically engineered mouse models have contributed to better understanding the molecular events that most likely lead to gliomagenesis. 5 In this context it was reported that tumor location correlates with distinct molecular subtypes of gliomas, clinical outcomes, and growth patterns and therefore may reflect the genetic profile of tumor precursor cells. [5] [6] [7] [8] Applying non-invasive mapping techniques to better define the association of tumor location with the presence of key molecular characteristics is therefore of great interest, and several neuroimaging studies indeed reported tumor location predilection for specific molecular alterations in glioma patients, with the most compelling evidence currently existing for frontal predilection of isocitrate dehydrogenase (IDH)-mutated tumors. 5, 7, [9] [10] [11] The aim of this study was to assess tumor location predilection for key molecular parameters in both glioblastoma and lower-grade glioma on a single voxel level with MRI using voxel lesion symptom mapping (VLSM). This approach allows much better spatial localization and discrimination inference compared with subdividing patients according to gross lesion location or using a classical anatomical atlas. 12 Specifically we aimed to independently validate the existing body of evidence on tumor location predilection, but also apply this technique to a broader range of key molecular characteristics.
Patients and Methods
The study was approved by the local ethics committee, and informed consent was obtained from all patients. All patients with newly diagnosed histologically confirmed glioblastoma (in the period from August 2009 to May 2016) or newly diagnosed histologically confirmed lowergrade glioma (ie, diffuse astrocytoma and oligodendroglioma in the period from February 2009 to September 2017) were screened. Inclusion criteria were:
(i) Availability of key molecular parameters obtained from tissue specimens of the initial surgery (from patients undergoing surgical resection or biopsy at the Department of Neurosurgery, University of Heidelberg Medical Center and gathered according to the research procedures approved by the institutional review board at the Medical Faculty Heidelberg). For the glioblastoma cohort, key molecular parameters were derived from the Illumina Infinium HumanMethylation450k or HumanMethylation850k (EPIC) array. For the lower-grade glioma cohort, key molecular parameters were derived either from Illumina Infinium HumanMethylation450k or EPIC array or from targeted molecular analysis as described below.
Conclusion.
Our study highlights the unique properties of IDH mutations and underpins the hypothesis that the rostral extension of the lateral ventricles is a potential location for the cell of origin in IDH-mutant gliomas.
Key Points
1. IDH-mutant gliomas show a predilection around the rostral extension of the lateral ventricles.
2. The identified niche may be a potential location for the cell of origin in IDH-mutant gliomas.
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(ii) Availability of corresponding pretreatment MRI study (acquired at the Department of Neuroradiology, University of Heidelberg Medical Center) prior to surgery. Patients were excluded if the MRI data were of insufficient quality resulting from motion artifacts or poor contrast injection.
A total of 237 patients in the glioblastoma cohort and 131 patients in the lower-grade glioma cohort met the outlined inclusion and exclusion criteria and served as the final cohorts for the present study.
MR Imaging and Postprocessing
Images were acquired in the routine clinical workup using a 3 tesla MR system (Magnetom Trio TIM/Prisma fit, Verio or Skyra, Siemens Healthcare) with a 12-channel headmatrix coil. Briefly, the protocol included T1-weighted 3D magnetization-prepared rapid acquisition with gradient echo (MPRAGE) images both before (T1) and after (cT1) administration of a 0.1 mmol/kg dose of gadoterate meglumine (Dotarem, Guerbet) as well as axial fluid attenuated inversion recovery (FLAIR) and axial T2-weighted images, as described previously. 13 Sequence parameters for T1 and cT1 MPRAGE (3D sagittal or axial) were as follows: inversion time (TI) = 900-1100 ms, echo time (TE) = 3-4 ms, repetition time (TR) = 1710-2250 ms, and flip angle = 15°; for T2 (2D, axial): TE = 85-88 ms; TR = 2740-5950 ms; section thickness, 5 mm; spacing, 5.5 mm; for FLAIR (2D, axial): TI = 2400-2500 ms; TE = 85-135 ms; TR = 8500-10 000 ms; section thickness, 5 mm; spacing, 5.5 mm.
Postprocessing of MRI data was performed as described previously. 13, 14 Briefly, the FMRIB software library (FSL, http:// fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL; accessed August 23, 2018) was used for image registration. First, brain voxels were isolated by generating a binary brain mask from the T1 volume using the brain extraction tool 15 and transferred to all other imaging volumes (cT1, FLAIR, T2) for each patient. These image volumes were then registered to the brain extracted T1 volume using the linear image registration tool 16, 17 with a mutual information algorithm and a 6-degree of freedom transformation. T1 subtraction volumes (subT1) were generated by voxel-wise subtraction of the T1 from the cT1 volume. Tumor segmentation was performed by U.N., a radiology resident with 3 years of experience, and subsequently checked by P.K., a radiology resident with 5 years of experience, and D.B., a board-certified radiologist and neuro-radiologist with 15 years of experience in image processing (discrepancies were resolved through a consensus discussion). Specifically, we selected the contrast-enhancing (CE) portion of the whole tumor (on the subT1 images), the non-enhancing (NE) FLAIR hyperintense portion (defined as FLAIR hyperintense abnormality excluding the CE and necrotic [NEC] tumor portion, that is, including both FLAIR hyperintense tumor and potentially vasogenic edema), and the NEC portion of the tumor (on the cT1 images) using a region-growing segmentation algorithm implemented in ITK-SNAP (www.itksnap.org; accessed August 23, 2018 18 ) as described previously. [19] [20] [21] The final tumor segmentation masks from each patient were either based on the (i) CE segmentation mask if CE but not NEC tumor was present, (ii) from a combined CE+NEC segmentation mask if both CE and NEC tumor were present, or (iii) from the NE segmentation mask if only NE but not CE and NEC tumor were present. A holefilling algorithm (using the imdilate function in Matlab) was applied to slightly dilate the segmentation mask and thus include single-voxel holes within the segmentation mask. Next, the precontrast T1 volumes from all patients were registered to a 2.0-mm isotropic brain atlas (Montreal Neurological Institute 152 [MNI-152] template) by using the linear image registration tool of FSL with a mutual information algorithm and a 12-degree of freedom transformation. The obtained coregistration matrices were applied to the corresponding final tumor segmentation masks to allow transformation of the tumor segmentation masks into the common stereotaxic MNI-152 space.
Molecular Analysis
For the glioblastoma cohort, key molecular parameters from the Illumina Infinium HumanMethylation450k or EPIC array (Illumina) were processed according to the manufacturer's instructions at the Genomics and Proteomics Core Facility of the German Cancer Research Center as described previously. 22 The following parameters were assessed:
1. O 6 -methylguanine DNA methyltransferase (MGMT) promoter methylation status (methylated vs unmethylated) was determined as described previously, using the "mgmtstp27" library in R version 3.4.0 (R Foundation for Statistical Computing, Vienna, Austria). 23, 24 For a subset of samples (n = 28) the "mgmtstp27" package failed to predict the MGMT promoter methylation status, and additional MGMT pyrosequencing was performed (n = 13/28). 25 2. Copy-number variation analysis was performed (as described previously with the "conumee" package) of epidermal growth factor receptor (EGFR, amplified vs non-amplified), platelet-derived growth factor receptor alpha (PDGFRA, amplified vs non-amplified), MDM4 (amplified vs non-amplified), MDM2 (amplified vs non-amplified), MET (amplified vs non-amplified), N-myc proto-oncogene protein (MYCN, amplified vs non-amplified), cyclin-dependent kinase 4 (CDK4, amplified vs non-amplified), CDK6 (amplified vs nonamplified), phosphatase and tensin homolog (PTEN, loss vs balanced), cyclin-dependent kinase inhibitor 2A (CDKN2A, loss vs balanced), neurofibromin 1 (NF1, loss vs balanced), retinoblastoma 1 (RB1, loss vs balanced), tumor protein p53 (TP53, loss vs balanced), telomerase reverse transcriptase (TERT, gain vs balanced), and G1/S-specific cyclin-D2 (CCND2, gain vs balanced). 22 3. A random forest algorithm compared each case with a brain tumor DNA methylation profile reference bank consisting of more than 2800 brain tumor cases to assign each patient to a molecular subgroup based on the individual global DNA methylation pattern (see www.molecularneuropathology.org/mnp/classifier/1; accessed August 23, 2018). 22 For the lower-grade glioma cohort, key molecular parameters (IDH mutation and 1p/19q codeletion status) from the Infinium HumanMethylation450k or EPIC array (available in n = 46 patients) were obtained as described previously. 22 For the remaining patients (n = 85), IDH mutation status was assessed with immunohistochemistry (IHC) for IDH1-R132H and DNA sequencing for IHC-negative cases, as described previously. 26 Furthermore, detection of chromosome arms 1p and 19q deletions was performed in n = 76 cases with fluorescence in situ hybridization, as described previously. 27 
Voxel-Based Lesion Symptom Mapping
The relationship between tumor location and the assessed key molecular parameters (see Tables 1 and 2 ) was evaluated in both the glioblastoma and lower-grade glioma cohorts on a voxel-by-voxel basis by employing a VLSM approach implemented in Matlab (VLSM toolbox, version 2.55-http:// www.aphasialab.org/vlsm; accessed August 23, 2018). 28 We performed a separate VLSM analysis for each molecular parameter to identify tumor voxels that were strongly correlated with a specific molecular alteration. The results were corrected using a multiple comparison permutation test, with n = 1000 iterations. Finally, voxel t-values that were greater than the t-value in >95% of the permutations were retained in the VLSM results (with α = 0.05, power > 0.8). 12 
Statistical Analysis
Subsequent analysis was performed using R version 3.4.0. For those molecular parameters where the VLSM analysis revealed a significant association with a specific tumor location, we performed additional analysis. Specifically, we quantified the ratio of tumor voxels from the identified VLSM cluster located inside the patient's individual 
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final tumor segmentation mask. Normal distribution of the ratios was tested by the Shapiro-Wilk test. A paired t-test (for normally distributed measurements) or a Wilcoxon signed-rank test (for nonnormally distributed data) was used for evaluation. P-values <0.05 were considered significant.
Results
In the glioblastoma cohort, the VLSM analysis identified a significant tumor location predilection for IDH-mutant tumors (P = 0.021) with 2 significant voxel clusters, one located in the frontal lobe adjacent to the anterior horn of the lateral ventricles and the anterior portion of the corpus callosum (with t-values ranging from 1.65 up to 5.24), while the second one was located at the left temporal lobe near the insula (with t-values ranging from 1.65 to 2.50) (Fig. 1,  upper panel) . None of the remaining assessed key molecular parameters in the glioblastoma cohort (see Table 1 ) showed a significant tumor location predilection (permutation-adjusted P > 0.05 for all comparisons).
In the lower-grade glioma cohort, the VLSM analysis identified, concordant with the results obtained in the glioblastoma cohort, again a significant tumor location predilection for IDH-mutant tumors (P = 0.013) with a similarly located voxel cluster in the frontal lobe, adjacent to the anterior horn of the lateral ventricles and the anterior portion of the corpus callosum (with t-values ranging from 1.66 to 2.45) (Fig. 1, lower panel) . No significant tumor location predilection was found for 1p/19q codeleted tumors (permutation-adjusted P = 0.097).
The median ratio of tumor voxels within the identified IDH-related VLSM clusters in the glioblastoma cohort was 9.5% (interquartile range [IQR], 0.9-24.9%) for patients with IDH-mutant and 0.0% (IQR, 0.0-3.1%) for IDH-wildtype tumors (Wilcoxon rank-sum test P = 0.008). Similarly, in the lower-grade glioma cohort, the median ratio of tumor voxels within the identified IDH-related VLSM cluster was 5.7% (IQR, 0.1-26.0%) for patients with IDH-mutant and 0.0% (IQR, 0.0-0.2%) for IDH-wildtype tumors (Wilcoxon ranksum test P < 0.001).
Beyond the outlined results based on the final tumor segmentation masks, we found no significant tumor location predilection for any of the remaining tumor segmentation combinations (ie, CE tumor segmentation mask only, NE tumor segmentation mask only, or total tumor segmentation mask consisting of CE + NE + NEC) in both cohorts (permutation-adjusted P > 0.05 for all comparisons).
Discussion
We applied a statistically robust voxel-by-voxel analysis to identify whether key molecular parameters in 2 large cohorts of patients with glioblastoma and lower-grade glioma are associated with a predilection for specific brain regions. The principal finding of our study is that IDH-mutated tumors in both glioblastoma and lower-grade glioma cohorts show a significant and concordant predilection that included the rostral extension of the lateral ventricles (Fig. 1) . Our results support findings from previous studies 7, 8, 29 and consequently underpin the possibility of the presence of neural stem cells (NSCs) in the subventricular zone (SVZ) as the origin of IDHmutant gliomas. Specifically, NSCs have been isolated in the tissues of the SVZ, which lines the lateral ventricles, the dentate gyrus of the hippocampus, and the subcortical white matter tracts. [30] [31] [32] [33] [34] Since mutations of the IDH genes are considered an important event that occurs at an early stage during gliomagenesis, the observed predilection of IDH-mutant gliomas around the rostral extension of the lateral ventricles may resemble the consequence of early gliomagenesis. This location may serve as a nidus for tumor cell repopulation and recurrence and thus could potentially impact treatment decisions (eg, for the delivery of dose-escalated radiotherapy). Chen et al recently provided an intriguing explanation for why the NSCs in the prefrontal cortex around the rostral lateral ventricles, which was also identified as the single most significant tumor location predilection in IDH-mutant tumors within our study, are especially vulnerable to the formation and growth of IDH-mutant gliomas. They suggested that the evolutionary specialization of the prefrontal cortex for high glutamate neurotransmitter flux, which contributes to human cognitive abilities, creates a metabolic niche that inadvertently supports the growth of IDH-mutant gliomas in this specific location. 35 Indirectly, the findings from our study also support previous evidence showing a higher incidence of proneural tumors around the rostral extension of the lateral ventricles, 8 since IDH mutation is known to be one of the constitutive mutations of this molecular subgroup. 36 The presence of 1p/19q codeleted tumors is limited to a subset of tumors with IDH mutations and thus may show a similar anatomical predilection as shown for IDH-mutant tumors in general. The lack of significance for this comparison (1p/19q codeleted vs non-codeleted tumors) in our study can be attributed to the confounding effect introduced by IDH-mutant, 1p/19q non-codeleted tumors.
Contrasting previous neuroimaging studies, we did not find tumor location predilection for the remaining assessed key molecular parameters, most notably not for MGMT promoter methylation, PTEN loss or EGFR amplification, where a tumor location predilection has been postulated. 8 Nevertheless, the findings from our study are in line with previous molecular studies indicating that EGFR amplification is not a driver of initial oncogenic events, but rather contributes to tumor progression or maintenance through amplification arising at later stages of tumor formation. Moreover, loss of PTEN was also reported to play only a supportive role rather than serving as a tumor initiator during gliomagenesis. 37, 38 Overall, founder events in IDH-wildtype gliomas remain to be more clearly identified 39 and the role of a biologically driven tumor location predilection for specific key molecular characteristics in IDH-wildtype gliomas therefore remains to be established. Despite integrating molecular and imaging data from 2 large cohorts of lower-grade glioma and glioblastoma, we acknowledge the following limitations: due to the presence of class imbalance for low-frequency molecular alterations, further tumor location predilections may have been detected in larger study cohorts. Moreover, molecular parameters were primarily obtained from DNA methylation arrays, thereby limiting the assessment of tumor-location predilection for somatic point mutations (which was confined to the assessment of IDH mutation status in the present study). Future multiplatform analysis beyond DNA methylation arrays are required to assess the relevance of additional hallmark genomic abnormalities (such as mutation status of alpha thalassemia/mental retardation syndrome X-linked 40 ). Finally, the presence of intratumoral heterogeneity may have affected the generalizability of the extracted molecular features from a single tumor specimen. Nevertheless, several studies found that, for instance, IDH mutation status 41 and MGMT methylation level [42] [43] [44] [45] are consistent throughout individual gliomas. Whether this homogeneity is also applicable to the assessed copy-number variations and/or global DNA methylation subgroups remains to be investigated in future studies.
In conclusion, our study highlights the unique properties of IDH mutations and underpins the hypothesis that the rostral extension of the lateral ventricles is a potential location for the cell of origin in IDH-mutant gliomas. 
